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Simultaneous Vanishing of the Nematic Electronic State and the Structural
Orthorhombicity in NaFe1−xCoxAs Single Crystals
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We have carried out in-plane resistivity measurements under a uniaxial pressure in NaFe1−xCoxAs
single crystals. A clear distinction of the in-plane resistivity ρa and ρb with the uniaxial pressure
along b-axis was discovered in the parent and underdoped regime with the doping level up to about
x=0.025±0.002. From the deviating point of ρa and ρb, and the unique kinky structure of resistiv-
ity together with the published data we determined the temperatures for the nematic, structural
and antiferromagnetic transitions. It is clearly shown that the nematic electronic state vanishes
simultaneously with the structural transition. The antiferromagnetic state disappears however at a
lower doping level. Our results, in combination with the data in BaFe2−xCoxAs2, indicate a close
relationship between nematicity and superconductivity.
PACS numbers: 74.70.Xa, 74.25.F-, 72.15.-v, 74.25.Dw
Emergent novel states are quite popular in the cor-
related electronic systems. One interesting trend is
that these states may replace the Fermi liquid as the
normal states of unconventional superconductivity. In
cuprate superconductors, for example, it has been widely
known that the “normal” state is not normal at all.
Many new electronic states, such as the stripe phase[1–
3], checkerboard phase[4, 5], possible charge-density-
wave (CDW)[6, 7] etc., are discovered in the “normal”
state of cuprate superconductors. The similar situa-
tion occurs in the iron based superconductors. In the
CaFe2−xCoxAs2 system, an electronic state with the
C2 symmetry has first been discovered in the scanning
tunneling measurements[8]. This interesting state was
later proved directly by the in-plane resistive measure-
ments in BaFe2−xCoxAs2 (Ba122) with a uniaxial pres-
sure along one of the principal in-plane axes, and thus
named as the nematic phase[9–11]. This nematic state
has also been probed by the torque measurements[12]
in BaFe2As2−xPx, and point contact tunneling mea-
surements in Fe1−yTe[13]. It has been mentioned that
this nematic state may be strongly related to the lo-
cal impurities[14, 15]. Nematic states have also been
revealed by the scanning tunneling spectroscopy (STS)
measurements in NaFe1−xCoxAs[16, 17]. Theoreti-
cally there are some models to interpret the nematic
behavior[18–20]. It remains however to be resolved how
this nematicity correlates with the structural, magnetic
transitions and orbital fluctuations. In the pioneer work
showing nematicity in transport measurements[9, 11] on
the BaFe2−xCoxAs2 system, the temperature difference
between the structural and the antiferromagnetic (AFM)
state is tiny, therefore it is difficult to resolve the issue. In
present work, we have carefully measured the in-plane re-
sistivity along a-axis and b-axis under a uniaxial pressure
in the NaFe1−xCoxAs system in which the structural and
the AFM transitions are clearly separated. Our results
shed new light in understanding the correlations among
nematic, structural and AFM transitions.
The NaFe1−xCoxAs single crystals were grown by flux
method using NaAs as the flux. The precursor NaAs, Fe
and Co powders (both with purity 99.9%, Alfa Aesar)
were mixed together and put into an alumina crucible
for growing. For details of the synthesis, one can find
in our previous work[21]. Fig. 1(a) shows the temper-
ature dependence of the in-plane resistivity for twinned
NaFe1−xCoxAs single crystals. The general behavior is
quite consistent with a previous study[22]. In the under-
doped region, the low-temperature upturn is related to
the structural and AFM transitions (Ts and TAF ). As
one can see in Fig. 1(a), with the increase of Co doping
level, the structure and AFM transitions are suppressed
rapidly. Although it is hard to determine the real doping
level of samples for such a slight concentration difference,
the systematic evolution of Tc, Ts and TAF versus the
nominal doping level indicate that Co were doped into the
crystal lattice successfully. Counting the very low doping
level of Co, we judge that the real Co composition is close
to the nominal one. Therefore we use the nominal com-
positions of Co in the formula. The exploration of the
in-plane electronic anisotropy is difficult because it nat-
urally forms twin boundaries in the orthorhombic phase.
In order to resolve this issue, we developed a device to
detwin single crystals in situ, as shown in the inset of Fig.
1(b). Laue x-ray diffraction experiments were performed
in this study to confirm the orientation of the crystal axes
for each crystal, as shown in the inset of Fig. 1(b). The
single crystal is cut into a square shape with the edge of
the sample parallel to the orthorhombic a/b-axes. In the
orthorhombic phase, the shorter axes is naturally aligned
in the direction of the applied strain. Similar detwin-
ning techniques were widely used in probing the in-plane
electronic anisotropy[9, 23–29]. For a review on the ne-
matic electronic state detected by this technique, one can
2FIG. 1: (Color online) (a) Temperature dependence of the in-
plane resistivity for twinned NaFe1−xCoxAs single crystals.
(b) Temperature dependence of the normalized in-plane re-
sistance of the parent phase NaFeAs. Here R¯a and R¯b repre-
sent the normalized in-plane resistance along the orthorhom-
bic a− and b−axis measured using the Montgomery method.
The R¯twin is measured on the same sample without uniaxial
pressure. The insets show the homemade detwinning device
(left) and the Laue x-ray diffraction pattern for one sample
(right).
see reference[30]. In this study, the resistivity measure-
ments were performed on a Quantum Design instrument
(PPMS-16T) using the Montgomery method[31]. Com-
pared with the usual four-probe method, the advantage
of Montgomery method is that the resistance along a−
and b−axis can be measured under the same condition.
The temperature dependence of the normalized in-
plane resistance along a− and b−axis (R¯a and R¯b) of
the detwinned parent compound NaFeAs are shown in
Fig. 1(b). For the Co-doped samples (x=0.01, 0.02,
0.022, 0.023, 0.025, 0.03), the results are shown in Fig.
2. To make a comparison of the resistivity along a− and
b−axis, the data were normalized by that measured at
200 K, except for the sample with x=0.022 (normalized at
90 K). Here R¯twin represents the normalized in-plane re-
FIG. 2: (Color online) (a)-(f) Temperature dependence of the
normalized in-plane resistance for the NaFe1−xCoxAs single
crystals (x=0.01, 0.02, 0.022, 0.023, 0.025, 0.03). R¯a and
R¯b represent the normalized in-plane resistance along the or-
thorhombic a− and orthorhombic b−axis measured using the
Montgomery method. R¯twin is measured on the same sample
without uniaxial pressure.
sistance obtained on the same sample after releasing the
uniaxial pressure. The resistivity anisotropy in the low
temperature region for the underdoped samples is quite
clear. The phenomenon R¯b > R¯a in the orthorhombic
phase is similar to those observed in some 122-type iron-
based superconductors[9, 11, 14, 23, 24, 32]. As shown
in Fig. 1(b) and Fig. 2, for the samples with x=0, 0.01,
0.02, 0.022, 0.023, the high temperature resistivity along
both a− and b−axis decrease with temperature in a sim-
ilar way, well following the trend of resistivity measured
on twinned samples. With further decrease of tempera-
ture, the resistivity along a−axis continues to decrease,
while the resistivity along b-axis starts to increase. The
temperature at which R¯a and R¯b start to deviate from
each other is defined as Tnem (with a criterion defined
below). Comparing with the measurements in Co-doped
Ba122 system[9, 10], we can see a difference here. The
resistance along a−axis under a uniaxial pressure shows a
3FIG. 3: (Color online) Derivative of the normalized resistance
R¯b for all samples investigated here. The arrows indicate the
positions where we determine the Ts and TAF .
progressively dropping down below Tnem, not as a linear
and smooth dropping down in Co-doped Ba122 system.
It is clear that Tnem is well above Ts, indicating the exis-
tence of nematicity above the structural transition, per-
haps due to the fluctuation of nematicity. With further
decrease of temperature, the resistivity anisotropy R¯b/R¯a
undergoes a dramatic increase until the emergence of su-
perconductivity. For the parent compound NaFeAs, the
resistivity anisotropy R¯b/R¯a can reach as large as 2.8.
For the samples with x=0.01, the slight upturn of R¯a
at very low temperature is probably because the sam-
ple is not sufficiently detwinned. The nematic, struc-
tural, antiferromagnetic temperatures (Tnem, Ts ,TAF )
and the resistivity anisotropy in the orthorhombic phase
are found to decrease monotonically with the increase of
doping concentration x. For samples with x=0.025 and
0.03, the resistivity anisotropy becomes negligible, which
clearly indicates that the nematicity vanishes at around
x=0.025±0.002.
Fig. 3 shows the derivative curve of the normalized
resistance R¯b versus T. Some kinky structures on the raw
data now become more clear in the derivative curves,
which allows us to determine Ts and TAF . The Ts is
determined on the shoulder of the derivative curve, and
TAF is determined at the peak position. This method
has been used in previous report[22], and our results are
well consistent with theirs. The values of Ts and TAF are
also close to those determined through the non-resistive
methods, as addressed below.
The temperature associated with the nematicity,
named as Tnem, is determined on the curve as shown
in Fig. 4. For clarity, the temperature dependence of
the difference between the normalized resistance along
b−axis and a−axis is enlarged to a proper range. Here
FIG. 4: (Color online) Difference between the normalized re-
sistance along b−axis and a−axis. The temperature asso-
ciated with the nematcicty (Tnem) is determined using the
crossing point of the normal state background line and the
extrapolated linear line of the steep transition where R¯b-R¯a
changes dramatically.
the Tnem is determined using the crossing point of the
high temperature background line and the extrapolated
linear line of the steep transition where R¯b-R¯a changes
dramatically. In this way, Tnem for the parent compound
NaFeAs is estimated to be 72 K, about 20 K above the
structure transition temperature. For the sample with
x ≥ 0.025, no dramatic change can be observed on the
difference curve, indicating the absence of nematicity at
this doping.
In Fig. 5, we show a phase diagram containing the ne-
maticity (Tnem), structural (Ts) and antiferromagnetic
(TAF ) temperatures combined with the Ts and TAF
data obtained from other measurement techniques[33–
35]. The considerable difference between the structural
and the AFM state in NaFe1−xCoxAs system make it
possible for us to investigate whether nematicity is as-
sociated with the anti-ferromagnetic order or the struc-
tural transition or both. As one can see, the values of
Ts and TAF acquired in this study are consistent well
with the data obtained from synchrotron x-ray powder
diffraction (XRPD) measurements and muon spin rota-
tion (µSR) measurements[34], respectively. Our data
about TAF here are consistent very well with the µSR
measurements[34] in the same system, which gives a
trend, as shown by the red dashed line, that the AFM
order may vanish before x=0.02. Moreover, the TAF de-
termined by a recent NMR study is roughly consistent
with this trend except for the sample with x=0.0175,
this discrepancy may result from the uncertainty of dop-
ing concentration in that work[35]. Interestingly, the au-
thors in ref.[35] spent intensive efforts to argue that the
AFM order revealed by the NMR study is completely
suppressed for sample x = 0.019. On the other hand,
4FIG. 5: (Color online) Phase diagram containing the nematic-
ity (Tnem), structural (Ts) and antiferromagnetic (TAF ) tem-
peratures. The data obtained from other measurement tech-
niques are collected and shown in the figure as well. For the
sample with x=0.025, as highlighted by the vertical frame, we
did not see any feature of structural transition and nematicity
in the normal state. The HRPD measurements give one point
for the structural transition at about 3 K at the doping level
of x=0.025. Dashed lines are guides to the eyes.
high-resolution neutron powder diffraction (HRPD) mea-
surements down to about 3 K reveled that the structural
distortion vanishes at about x=0.025, as shown by the
filled star symbol in Fig. 5. In such case, our results
clearly show that the nematicity is more closely related
to the structural transition, since the transition temper-
atures Tnem and Ts vanish simultaneously at a doping
level of about x=0.025±0.002.
Concerning the origin of the nematic electronic state,
it remains to be highly controversial. There are at least
three major pictures to interpret the nematicity[18]: (1)
The nematicity is induced purely by the structural dis-
tortion. As soon as the lattice structure turns from the
tetragonal into the orthorhombic phase, there is a dis-
tinction of the lattice constants a and b (a > b with the
strain along b-axis). The Landau free energy with this
distortion can be easily written down[18] and the lower
energy state may be found with the emerging nematic
order parameter. (2) The nematicity may be related to
the striped AFM state. This seems to be straightforward
since the itinerant electrons detected by the transport
technique are inevitable to couple with the local mag-
netism. Recently, an Ising like spin excitation with C2
symmetry[36] was found in BaFe2−xNixAs2 in associat-
ing with the in-plane anisotropy of resistivity, in sup-
porting this picture. This picture is further supported
by the Raman[37] and optical[38, 39] experiments. (3)
The nematicity is induced by the orbital fluctuations, ei-
ther due to the electronic (lifting of the degeneracy of dxz
and dyz) orbitals or the lattice reason. Our data clearly
show that the anisotropy of resistivity occurs at temper-
atures far above Ts and TAF . Other measurements, such
as the tunneling on NaFe1−xCoxAs also give the same
observation[16, 17]. Our data here give an interesting
hint that the nematicity and the structural transition, al-
though not occurring at the same temperature, but van-
ish at the same doping level x = 0.025 ± 0.002. The
AFM order disappears clearly at a lower doping level.
Another interesting observation is that, for the undoped
sample, the distinction R¯b-R¯a starts to increase below
Tnem, gets enhanced quickly below the structural tran-
sition Ts, but keeps rather stable below TAF since R¯b
drops down in parallel with R¯a. Therefore we would not
believe that the AFM order is the right reason for the
nematicity. However, we cannot rule out the possibility
of magnetic fluctuations as the the driving force for the
nematicity, because they do appear above TAF . Finally
we comment on the third picture, that is the electronic
driven orbital fluctuations. It is well-known that the de-
generacy of dxz and dyz orbitals is lifted below TAF ,
as detected by the angle resolved photo-emission spec-
troscopy (ARPES)[40]. Lifting of the orbital degeneracy
and the striped AF magnetism seem to cast the ”chicken
and egg” problem. They may entangle each other and
both contribute to the formation of nematicity.
Finally, we want to point out that the nematic elec-
tronic properties seem closely related to superconductiv-
ity. Recall the data from the BaFe2−xCoxAs2 system,
the strongest nematicity occurs at an underdoping level
where superconductivity has already appeared[9]. For
the non-superconductive parent phase, the nematicity
is much weaker. In the present NaFe1−xCoxAs system,
since the parent phase NaFeAs is already superconduc-
tive, we observed the strongest distinction of ρa and ρb
from the undoped parent phase. This interesting obser-
vation is understandable by a recent argument[41] that
the nematic fluctuations favor intraband pairing, which
would give a boost to the s± pairing. The argument can-
not, however, be extended to the hole doped side, since
in hole-doped Ba1−xKxFe2As2, the in-plane resistance
anisotropy ̺=ρb/ρa-1 is very small and even changes sign
compared with the electron doped Ba122 samples[42].
Therefore a concise picture for describing the general con-
nection between nematicity and superconductivity is still
lacking. The superconductivity may still be induced by
the magnetic fluctuations[43, 44] as revealed by the in-
teresting sign-reversal s± gap functions[45–47].
In summary, through in-plane resistive measurements
under a uniaxial pressure, we have successfully resolved
the nematicity, structural and AFM temperatures Tnem,
Ts and TAF , respectively in NaFe1−xCoxAs. It is
found that the structural and nematicity transitions van-
ish simultaneously at the doping level of about x =
50.025±0.002, while the AFM order disappears at a lower
doping level (x ≤ 0.02). We depict the phase diagram
based on our in-plane resistive data together with ear-
lier published data with non-resistive measurements. We
propose that both the magnetic fluctuation and lifting
the degeneracy of the dxz and dyz orbitals entangle each
other and contribute to the nematicity. Our results also
point to a close relationship between nematicity and su-
perconductivity, at least in electron doped systems.
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